Opsonization is a crucial function of the complement system in immune clearance. To identify receptors responsible for the complement-mediated opsonization in teleost, head kidney leukocytes from b -1,3-glucan-injected and non-injected common carp ( Cyprinus carpio ) were subjected to a rosette-forming assay with fixed sheep erythrocytes (E f ). Leukocyte fractions rich in granulocytes and macrophages from the glucan-injected carp had an ability to form the rosette with complement-coated E f but the corresponding fractions from non-injected fish did not, suggesting that b -1,3-glucan elicits expression of complement receptors on those cells. While sensitization of E f with antibodies slightly elevated the rosette formation, complement-coated E f showed a significant increase in rosette formation and this formation was inhibited with anti-carp C3. Rosette formation was also inhibited by EDTA but not by EGTA. These results suggest that complement-dependent opsonization in carp is mediated by C3-receptors analogous to mammalian complement receptor type 3 (CD11b/CD18 or integrin a M / b 2 ), which recognizes the iC3b fragment in a divalent cationdependent manner.
INTRODUCTION
The opsonic effect (enhancement of phagocytosis) is an important function of complement to eliminate pathogens from the host. 1, 2 In mammals, the third complement component (C3) generates opsonic fragments such as C3b and iC3b upon activation of complement. Once the C3b fragment is generated by limited hydrolysis of C3 with C3-convertase of the classical (antibody-dependent) and the alternative (antibody-independent) activation pathways, it can bind to the activating surface nearby through the intramolecular thioester site. The bound C3b is gradually degraded first into the iC3b form by factor I and its cofactors such as factor H, and further fragmented into C3dg and C3d by factor I and other exogenous proteases.
3 These C3-derived fragments are recognized by various C3-receptors on leukocytes and elicit a number of biological activities. 2 Four types of C3 receptors have been identified in mammals: CR1 to CR4. CR1 (160-250 kDa) and CR2 (145 kDa) are composed of tandem repeats of homologous domains named short consensus repeats (SCR), each containing approximately 60 amino acids. 4 The CR1 or C3b-receptor is expressed on various leukocytes including neutrophils, eosinophils, B cells and a subset of T cells. In primates, CR1 expressed on erythrocytes shows immunoadherence, which is thought to be important for the transportation of C3b-bearing foreign organisms to liver macrophages. 2 The CR2 or C3d-receptor is expressed mainly on B cells and affects the immune response. 5 CR3 and CR4 are members of the integrin family of cell adhesion molecules and are composed of two heterologous polypeptides: a (150-165 kDa) and b subunits (95 kDa). CR3 is essentially an iC3b-receptor expressed on phagocytes including neutrophils and monocytes/macrophages. Although it is also a receptor for non-complement ligands such as fibrinogen, b -glucans and lipopolysaccharides, it has been identified as a major opsonic receptor. CR4 or gp150,95, present on neutrophils and monocytes/macrophages, also binds iC3b fragment but the primary function of this receptor remains to be clarified. 6 Thus, in mammals, a series M Nakao et al.
of complement receptors provides leukocytes with the ability to recognize and respond to distinct forms of C3-derived fragments sequentially generated after complement activation. In fish, however, much less is known of the structure and function of complement receptors, although the interaction of C3-derived fragments and their specific receptors has been thought to play important roles in the responses of nonspecific defense system against various infections in the lower vertebrates. 7, 8 CD18 ( b 2 -subunit of CR3) or CD11 ( a -subunit of CR3), or both, have been identified at the cDNA level in the channel catfish ( Ictalurus punctatus ), 9 Japanese flounder ( Paralichthys olivaceus ) 10 and carp ( Cyprinus carpio ; Kimura et al. , unpubl. obs., 2000; database accession numbers, AB013074, AB031070, AB048536, and AB048537), although their functions remain to be elucidated at the protein and cellular levels. We have previously reported a C3-dependent opsonic effect in carp using complement-coated target cells (sheep erythrocytes and yeasts) and neutrophils from the peritoneal cavity of fish stimulated with sodium casein. 11 In the present study we detected C3-receptors, by a rosette assay, on head kidney leukocytes of common carp to which a b -1,3-glucan had been administered. Furthermore, we have identified the receptor as mammalian CR3-like, as judged from its divalent cation-requirement.
MATERIALS AND METHODS

Materials
Common carp weighing approximately 200 g were obtained from a local fish farm and the Ono Limnological Station, National Fisheries University, Ube, Japan. The fish were acclimated in 60 L aquaria at 24 ∞ C for more than 2 weeks prior to the experiment.
Carp IgM was purified essentially as described for rainbow trout ( Oncorhynchus mykiss ) IgM 12 and polyclonal antibodies against carp IgM were raised in rabbits. Anti-carp C3 rabbit antiserum was prepared as described earlier. 13 Fab fragments of anticarp IgM and anticarp C3 were prepared as described elsewhere.
11 Anti-sheep erythrocyte carp antiserum was made according to our previous study.
14 Poly-L-lysine was purchased from Sigma Japan (Tokyo, Japan) and Percoll from Pharmacia Biotec Japan (Tokyo, Japan). Scleroglucan, a b -1,3-glucan from Sclerotium glucanicum , was obtained from Taito (Tokyo, Japan) and fetal bovine serum (FBS) was from Intermed Japan (Tokyo, Japan).
Buffers and medium
The following buffers and medium were used: 10 mM phosphate-buffered saline (PBS; pH 7.4); 5 mM barbital-buffered saline containing 0.15 mM CaCl 2 , 1 mM MgCl 2 and 0.1% gelatin (GVB 2 + pH 7.4); 5 mM barbital-buffered saline containing 10 mM EDTA and 0.1% gelatin (EDTA-GVB; pH 7.4); and RPMI-1640-S, RPMI-1640 medium (Nissui Pharmaceutical, Tokyo) supplemented with 1.4 mM sodium bicarbonate, 4 mM Lglutamine, 100 units/mL penicillin, and 100 m g/mL streptomycin.
Preparation of head kidney leukocytes
Scleroglucan (20 mg/mL) dissolved in sterile PBS or PBS alone as a control was intraperitoneally injected into carp at a dose of 20 mg/kg body weight. Three days later, carp were anesthetized with 400 p.p.m. quinaldine and, after bleeding from the caudal vessel, the head kidney was removed and minced in 5 mL of RPMI-1640-S supplemented with heparin (20 units/mL). After passage through stainless mesh (150 mesh) the dispersed cells were fractionated by centrifugation through Percoll discontinuous gradient (1.090, 1.080, and 1.065 g/ mL), as described elsewhere. 15 Microscopic examination of our cell preparation, after Giemsa staining of the fractions, revealed the approximate cell populations as follows: fraction I (lymphocytes, 80%; monocytes, 20%); fraction II (lymphocytes, 40%; monocytes/macrophages, 30%; granulocytes, 30%); and fraction III (granulocytes, 90%; lymphocytes, 10%). The cell compositions of the populations agree with those reported by Bayne. 16 No significant difference in the cell population was seen between scleroglucan-injected and noninjected fish.
Preparation of indicator cells for rosette assay
Sheep erythrocytes were incubated with 0.01% glutaraldehyde in PBS at 25 ∞ C for 60 min, followed by extensive blocking with PBS containing 0.2% gelatin, 0.1% bovine serum albumin (BSA) and 100 mM glycine. The fixed erythrocytes (E f ) were suspended at 10% (v/v) in GVB 2 + . Carp antibody-sensitized sheep erythrocytes (E f A) were prepared using the fixed erythrocytes and 1/100 diluted antisheep erythrocyte carp antiserum, essentially in the same manner as previously published. 13 The E f A sensitized with carp complement (E f AC) were prepared by incubating E . The E f , E f A and E f AC were stored at 4 ∞ C for no more than 1 week and resuspended at 1 ¥ 10 9 /mL in RPMI-1640-S containing 10% FBS just before use in rosette assay.
Rosette assay
Aliquots (300 m L containing 10 7 cells) of the leukocyte suspension were added into each well of 12-well plates (Falcon, BD Biosciences, San Jose, CA, USA), which had been coated with 50 m L/mL poly-L-lysine. The cells were allowed to sediment for 60 min at room temperature and immobilized onto the well by incubating with 0.05% glutaraldehyde in PBS for 60 min at room temperature. The immobilized leukocytes plate was blocked as described and then washed with RPMI-1640-S.
To each well, 1 mL of E f , E f A, or E f AC suspension (1 ¥ 10 7 /mL) was added and incubated for 60 min at 25 ∞ C. After unbound indicator cells were removed by thorough washing with PBS, the cells were fixed with 10% formalin in methanol and stained with Giemsa. Under microscopic observation of 10 viewing fields at a magnification of ¥ 200, the leukocyte carrying more than two indicator cells was judged as rosette-positive. The degree of rosette formation was expressed as the percentage of rosette-positive leukocytes in the total leukocytes counted in duplicate. The MannWhitney U -test was used for statistic analysis.
Identification of erythrocyte-bound carp C3-fragments
Antibody-sensitized sheep erythrocytes (EA; 5 ¥ 10 7 cells) prepared from unfixed sheep erythrocytes were incubated with normal carp serum (diluted 1/50 with GVB 2 + ) at 25 ∞ C for 60 min in a total volume of 500 m L. The cell ghosts were collected by centrifugation, washed twice with PBS, and solubilized with sample buffer for sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 17 After electrophoresis on a 5-20% gradient gel under reducing conditions, the proteins were electroblotted onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) in a buffer containing 100 mM Tris, 192 mM glycine and 0.02% SDS. The C3-derived fragments on the membrane were detected with monoclonal antibody against carp C3 a -chain (clone 3C38) as described earlier. 18 As a C3-containing control, normal carp serum was subjected to the same electrophoretic analysis in parallel.
The C3 fragments bound to zymosan particle were prepared as described elsewhere. 18 The zymo- 
RESULTS
Complement-dependent rosette formation of leukocytes from scleroglucan-injected carp
The three leukocyte fractions prepared from the scleroglucan-injected carp and control carp were subjected to the rosette assay using E f A, E f A treated with anti-IgM, and E f AC, as indicator cells. All leukocyte fractions from the control fish failed to give a significant rosette formation ( < 1%) with any of the indicator cells. However, the leukocytes from the scleroglucan-injected fish showed detectable rosette formation. As shown in Fig. 1 , all leukocyte fractions had around 10% rosette formation with E f A, which was not inhibited by pretreatment of E f A with anti-IgM Fab. This suggests that the rosette formation is not attributable to interaction between IgM and Fc-receptor but to other cell adhesion molecules such as the immunoglobulin superfamily and the selectin family. The rosette formation with E f AC was significantly higher than that with E f A in the leukocyte fractions II and III, indicating the presence of complement receptor on monocytes/macrophages and granulocytes. The rosette formation of leukocyte fraction I was not significantly enhanced by complement-treatment of the indicator cells, indicating that lymphocytes, the major cell population of this fraction, do not expose complement receptors at a level detectable by this method.
Effect of anti-C3 on the rosette formation
To identify the specific complement components responsible for the complement-enhanced rosette formation, the inhibitory effect of anticarp C3 Fab fragment on the rosette formation with E f AC was examined. Figure 2 demonstrates dose-dependent inhibition of rosette formation by fractions II and III with E f AC, indicating that C3-receptors are responsible for the rosette formation.
Divalent cation requirement for the rosette formation
Rosette assay was performed in the presence of 5 mM EDTA or 5 mM EGTA, or in the absence of both. As shown in Fig. 3 
C3-derived fragments deposited on zymosan and EA
To identify the ligands that mediate the rosette formation, EA-bound carp C3 was analyzed by western-blotting using monoclonal antibody (3C38) reactive to the a-chain of both native and activated carp C3. As shown in Fig. 4(a) , two major bands (105 kDa and 45 kDa) were detected corresponding to C3b and iC3b fragments, and C3b is a major fragment on EA. The bands with molecular mass higher than intact a-chain probably correspond to C3b and iC3b that bound covalently to macromolecules on the EA. Fragmentation of carp C3 deposited on a different target, zymosan, were also analyzed by SDS-PAGE. Figure 4(b) shows that iC3b is the major C3 fragments on zymosan under the condition employed in this experiment. In contrast to the case of EA, C3b is a minor fragment on zymosan, suggesting rapid fragmentation of C3b into iC3b on this target.
DISCUSSION
The present study aimed to detect and characterize C3-receptors on carp leukocytes. The results indicate that monocytes/macrophages and granulocytes in head kidney express mammalian CR3-like C3 receptors in the scleroglucan-injected carp, but not in control carp. The contribution of antibody and Fc-receptor interaction to the rosette formation was not clearly demonstrated in the present study, in agreement with our previous study 11 on carp peritoneal neutrophils. However, a recent work on Atlantic salmon has indicated the presence of Fc-receptors on peripheral leukocytes, by the binding of immune-complex that was detected by flow-cytometry. 19 In addition, a cDNA clone closely similar to the mammalian Fc subunit has been cloned in carp. 20 Thus the present study does not rule out the possibility that there are Fc receptors on carp leukocytes. The failure to detect IgMmediated rosette formation may be attributable to the sensitivity of the detection methods employed; in the present study we counted only those leukocytes to which two or more indicator cells were attached as rosette-positive cells, to avoid overestimating the level of rosette formation, which could be caused by chance non-specific adherence or overlapping of leukocytes and indicator cells. Therefore the evaluation of the relative importance of antibody and complement on opsonization of targets must await further information on expression levels and affinity of the relevant receptors. Furthermore, opsonin-independent receptors, including scavenger receptors and b-glucan receptors, could contribute to the uptake of foreign materials. 21 The results of the present study indicate the presence of a C3-fragment homologous to mammalian iC3b, the primary ligand for mammalian CR3, on the complement-lyzed EA (Fig. 4) . Similarly iC3b has been shown to be the predominant C3-derived fragment on zymosan, an another target of microbial origin. 18 These observations, taken together, indicate that CR3-like C3-receptors expressed on carp phagocytes probably play a predominant role in complement-mediated opsonization of a wide variety of targets. This implication is supported by the present observation that the rosette formation detected in the present study was almost entirely divalent cationdependent (Fig. 3) . Involvement of other types of C3-receptor such as mammalian CR1 cannot be excluded, but their contribution to opsonization of targets is probably limited in bony fish. Recently, opsonic activity mediated by C3 and CR3 has been proved in Japanese solitary ascidian (Halocynthia roretzi), implicating phylogenetic conservation of CR3-mediated opsonization. 22 Further biochemical analysis at the molecular and protein levels is required to clarify the molecular entity of the carp CR3-like receptor detected in the presenty study.
Finally, the present study provides insights into the mechanism of immuno-potentiation by b-1,3-glucans in bony fish. We have reported that b-1,3-glucan elevated the phagocytic activity of head kidney phagocytes in carp 23 and yellowtail (Seriola quiqueradiata), 24 and consequently increased survival of the fish against bacterial challenges. The requirement of in vivo stimulation with scleroglucan for the significant levels of the rosette formation, observed in the present study, suggests that scleroglucan-elicited CR3-expression can account for the elevated phagocytic activity. The molecular mechanisms underlying the relationships between scleroglucan stimulation and the upregulation of CR3-expression are of significant interest for the elucidation of the immunopotentiation by b-1,3-glucans. Cytokines and complement-derived anaphylatoxins such as C3a, C4a and C5a might be candidates for messengers of the stimulation. In mammals, C5a stimulates the cell surface expression of CR3 molecules stored in specific granules. 6 We have identified several immune-relevant carp genes of which expression was upregulated by scleroglucan and alginate injection, 20, 25 Further analyses on the expression dynamics of the genes in response to the scleroglucan injection will provide a molecular basis for the mechanism of the immunopotentiation.
